Abstract-The potential benefits from energy storage deployment are highly location dependent. In market areas, remuneration is largely based on market products and prices. In a vertically integrated utility, the benefits are often monetized through cost savings. This paper quantifies the potential benefits of using an energy storage system to provide spinning reserve within the Cordova Electric Cooperative (CEC) grid. The CEC is a small rural electrical cooperative in Cordova, Alaska. Energy storage is being considered to provide spinning reserve. The cost saving is realized through reduced fossil fuel consumption and run time on the diesel generators. In this paper, the cost savings are used to determine the benefit-to-cost ratio for various energy storage configurations. Additional potential benefits of energy storage for the CEC are also presented.
I. INTRODUCTION
Energy storage is a unique grid asset that is capable of providing a number of grid services. These services may be categorized based on the characteristics of the grid interaction. Services that inject/withdraw power on fast time scales are usually referred to as "power" applications. These applications are usually associated with control functions that maintain reliability of the grid. Examples include frequency regulation, frequency droop, and synthetic inertia. Services that transpire on a slower time scale are often referred to as "energy" applications. Examples include renewable energy time shift and energy arbitrage. A complete listing of the potential benefits of grid energy storage is found in [1] .
Another factor that greatly impacts the potential value of a grid scale energy storage system is the location of the asset. Typically, and energy storage system is either located in a market area or a region controlled by a vertically integrated utility. In market areas, remuneration is largely a function of market products and prices, although in some situations power purchase agreements can be negotiated outside of the market processes. Examples of case studies for different market areas are found in [2] , [3] , [4] , [5] , [6] , [7] , [8] . In most areas, frequency regulation provides significantly more potential revenue than energy arbitrage. An exception is arbitrage between the day-ahead and real-time energy markets in California. With increased penetrations of behind-the-meter solar generation, negative midday prices are now becoming more common in the CAISO real-time energy market. This provides more arbitrage opportunities for energy storage, although accurate forecasting to implement real-time market arbitrage may be a challenge [7] .
In vertically integrated utilities, the benefits of energy storage deployment are often realized through a reduction in operating costs. Energy storage can improve the efficiency of conventional generation by absorbing variations in load which allows the generator to operate at a more efficient set point. Energy storage is also capable of providing reserve products like spinning reserve, which can eliminate the need for certain must-run generators. This also results in a cost saving. Case studies on the potential benefits of energy storage in vertically integrated utilities are summarized in [9] , [10] , [11] , [12] . The community of Cordova, Alaska currently uses diesel and run-of-river hydro generation for its electricity needs. A high level one-line of Cordova's electrical distribution system is shown in Figure 1 . In the past, 60% of Cordovas summer load was supplied by the run-of-river generation. When the 978-1-5386-4941-1/18/$31.00 ©2018 IEEE 2018 International Symposium on Power Electronics, Electrical Drives, Automation and Motion run-of-river generation was not able to supply 100% of the load demand it was supplemented by diesel generation. This paper explores the opportunity for an energy storage system (ESS) to support the existing generation while maintaining adequate levels of spinning reserve and frequency regulation when running solely on hydropower. Thus allowing the available diesel generators to operate more efficiently.
Frequency regulation during hydro-only operation is currently accomplished with a custom retrofit governor on both of the run-of-river power plants allowing either one to deflect a selected amount of potential generation and hold it in reserve. This has two effects detrimental to optimal operation. First, the hydropower generators governor system is subject to excessive wear, as the core hardware was not designed for fast frequency regulation. Second, providing frequency regulation with this prime-generating asset requires curtailing 0.5 MW (17% of nameplate capacity) for spinning reserve. An energy storage system with inverters of suitable size and functionality could resolve both equipment wear and waste of hydropower capacity. Diesel generators at Cordova Electric Cooperatives (CEC) Orca Power Plant are scheduled and dispatched based on reliability measures empirically driven through past experiences. Operating the diesel generators in this manner is not optimal for fuel consumption. Energy storage can be used as a spinning reserve to allow generators to operate less frequently and at a more optimal set point reducing fuel consumption and maintenance cost. This paper is organized as follows. First, the energy balance modeling used to quantify the cost savings associated with each scenario is outlined in Section II. The results of the benefit-cost analysis are presented in Section III. Additional potential applications for energy storage in Cordova, AK are summarized in Section IV. The main conclusions of the study are found in Section V.
II. ENERGY BALANCE MODELING
To evaluate the potential savings from the deployment of energy storage, the Alaska Center for Energy and Power (ACEP) performed an energy balance model also known as a production cost modeling analysis using 2011 load data. During this study the production cost model performed multiple simulations varying the MW and MWh rating of an ESS performing spinning reserve capacity and ramp rate limiting on the diesel and run-of-river hydro generators. ESS performing spinning reserve capacity allowed for the 0.5MW capacity reserve of the run-of-river hydro generation to be used without switching on a diesel generation. The analysis identified the optimal energy storage dispatch for different storage configurations, and quantified the fuel savings for each scenario. Based on preliminary results, the range of energy storage configurations was limited to a 0.75-2.0 MW power rating and a 0.05-2.0 MWh energy rating. This range of power and energy ratings provided the greatest expected benefit to cost ratios. Data for the energy balance model such as load demand and generation production was provided by CEC for years 2011, 2012 and 2013. Due to time restrictions on the project and missing data from the other years, it was decided that the data from 2011 would be used for the production cost model.
After this initial analysis and the existing infrastructure only being adequate with no modification for a certain MW and MWh ESS, it was decided to perform more detailed energy balance simulations on an ESS no larger than 2 MW and 2 MWh. Saving results used in the benefit cost analysis from the simulations are shown below in Table I and Table II. The tables above show that as the power (MW) and energy (MWh) rating of the energy storage system is increased, the absolute reduction in diesel continues to increase. It should be noted that the marginal reduction in annual diesel consumption decreases with increased energy and power rating. This is illustrated in Figure 2 . The gray boxes in the tables represent energy storage configurations that were not analyzed. To determine which ESS rating provided the most benefit, yearly cost data from CEC was gathered for 2011 through 2016 and applied to the tables above. Assumption was made that the percent savings from year 2011 above would be the same each year from 2012 to 2016. Due to the sensitivity of cost data, only the results will be shown. The cumulative avoided costs for years 2011 through 2016 were calculated using the equation (1).
Where: Inflation rate based on past and future values [13] , [14] III. BENEFIT-COST ANALYSIS
AV C(MW, MW h)
The cost of an energy storage system varies based on the MW and MWh rating as well as the technology. Avoidance cost savings above are based on the ESS performing spinning reserve capacity which is a power technology application. Li ion systems are the most widely used technology for power applications. Energy storage installation costs vary by location. For this analysis, the installation costs are assumed to be: $250,000/MW and $817,500/MWh. The $/MW price was derived from working with multiple Li-Ion manufacturers for the installed cost of the power condition equipment for an energy storage system. The $/MWh price was derived from the Lazard report [15] using the cost from a Li-ion ESS installed within an island system. Typical lifecycle and warranty of an installed system is 12 years. The benefit-to-cost ratio analyzed in this report was based upon a 2011 installation. Avoidance cost saving presented in Table 3 are from 2011-2016. The next 6 years of projected cost avoidance savings were based on the average of the cost avoidance savings from 2011-2016. The table below shows the benefit-to-cost ratio for various configurations. The benefit is the avoided costs by installing an energy storage system and the cost is the purchase price of the system based on the power and energy rating.
In Table III , when the value is greater than 1 the benefit provided over 12 years is greater than the initial cost of the system. The analysis assumes no discounting rate. The larger the benefit to cost ratio, the better the investment. It should be noted that there are other potential benefits that are not captured in this analysis that would improve the benefit-cost ratio for the larger energy ratings. These benefits are listed in Table 5 and discussed in more detail in the next section. Figure 3 shows the 12 year benefit-to-cost ratio using the average avoidance cost savings for a 1 MW Li-Ion ESS with varying MWh ratings. The maximum and minimum savings were derived from the avoidance cost savings from years 2011-2016. If the maximum or minimum avoidance cost savings from 2011-2016 was used instead of the average avoidance cost which was used in Table III , the results are shown in Figure 3 as the blue dashed lines.
In Table 4 and Figure 3 , the greatest benefit-to-ratio value typically occurs at 0.1 MWh. The only time this is not true is for the 0.75 MW ESS which has a steadily decreasing benefit-to-cost value as the MWh rating is increased. As the MWh rating of the ESS is increased (left to right in Table 4 ) the change in the benefit-to-cost ratio delta decreases. At 0.5 MWh, the benefit-to-cost ratio value is very similar for all the MW rated ESS. Overall, as the ESS MW and MWh rating is increased in Table 4 the benefit-to-cost ratio is decreased. Even through the smaller MW and MWh rated ESS has a larger benefit-to-cost ratio when applied as spinning reserve, purchasing a larger MW and MWh rated ESS allows for other applications to be applied. Also, the simulation from the previous report dispatched the smaller diesel generators within 30 seconds and the larger diesel generators in 2 min. Larger MWh rated ESSs allow for longer dispatch times giving the operator more flexibility to bring online diesel generators.
IV. EENERGY STORAGE APPLICATIONS IN CORDOVA, AK
The application of the ESS providing spinning reserve in the CEC grid was evaluated in the previous study and presented in the sections above. There are other applications that can be used by the ESS which depends on the MW and MWh rating. ESS technologies are categorized into two groups which are power and energy systems. Power ESS are characterized as having a large MW rating providing a lot of MW for seconds to minutes. On the other side, energy ESS are characterized as having a large MWh rating providing MW for hours. A power ES may have a lower initial capital cost as completed to an energy ES, but an energy ES may have a lower cost per generated MWh given its increased capacity per charge. Also, the greater the energy capacity, the more applications an ESS can be used for. A list of the applications of an ESS (pertinent to CEC) is provided below. The applications are characterized by whether they are a power or energy application. Please note that in most cases an energy ES can perform power applications, but that a power ES may not be able to perform energy applications.
In the section above discussing the benefit-to-cost ratio, these applications were not included as part of the benefits. If a cost avoidance or savings is provided for the applications in Table 5 , the benefit-to-cost ratio will change. If an energy application benefit is included, the benefit-to-cost ratio values will increase as the MWh rating of the ESS is increased. The same will be true for the power applications and the MW rating of the ESS. To determine how much more an application would have to make over 12 years to equal the max benefitto-cost ratio in In the analysis above using the ESS as a spinning reserve, the max benefit to cost ratio occurred at the rating of 0.75 MW and 0.05 MWh. Based on the cost and benefit values for the 0.75 MW / 0.05MWh ESS, the K value was calculated for all the other MW and MWh ratings and presented in Table V .
Values presented in Table V are over 12 years. In order to determine the yearly benefit value, the numbers in the table have to be divided by 12. For instance, in order for a 1.5 MW / 1.5 MWh ESS to equal the same benefit-to-cost ratio for a 0.75MW / 0.05 MWh performing spinning reserve, the benefit value from another application would have to be approximately $1.31M per year ($15.68M / 12).
Since the smaller rated ESS has a significantly lower cost than the larger systems, the benefit-to-cost ratio will be higher. To determine the amount of benefit from an additional application that is needed to meet the system that has the highest earnings after 12 years, the table below is used which is the total avoided cost savings including inflation and discount rates and subtracting the initial capital cost of the ESS.
In Table VI , the ESS that had the largest savings over 12 years was the 1 MW / 0.25 MWh. To determine how much benefit is needed from an additional application for a specific ESS rating to equal the earnings of the 1 MW / 0.25 MWh ESS the following equation was used.
AP P (MW, MW h) = B(MW, MW h)
Where: 
V. CONCLUSIONS
The ESS provided a positive benefit-to-cost ratio when used as a spinning reserve. Since spinning reserve is a power application, the benefit-to-cost ratio values were greater when the MW rating was larger than the MWh rating. The highest value for the 12 year benefit-to-cost ratio for a Li-Ion ESS occurred at a power rating of 0.75 MW and 0.05 MWh. Benefits for other applications that the ESS could be used within the CEC grid were not included but should be considered. Looking at the avoided cost savings over the 12 year period and paying off the initial capital cost of the ESS, the 1 MW / 0.25 MWh had the largest earnings. Additional benefits required from another application annually to match the earnings from the 1 MW / 0.25 MWh system ranges from $40 -$121,400. 
